INTRODUCTION
Sulfonylureas, such as glibenclamide, glipizide, and tolbutamide, are oral hypoglycemics widely used in the treatment of type 2 diabetes to stimulate insulin release from pancreatic ␤-cells [1] . Although the molecular mechanism of action of antidiabetic sulfonylureas is not fully understood, it is believed that the therapeutic effect of these drugs results primarily from their binding to high-affinity receptors (SUR) in the plasma membrane of pancreatic ␤-cells [2] . The pancreatic ␤-cell SUR was cloned [1] and identified as an element composing, together with a K + pore, the functional ATP-sensitive K + (K ATP ) channel [3] . Binding of sulfonylureas to the SUR causes a closure of the K ATP channel, leading to ␤-cell membrane depolarization, opening of voltage-dependent Ca 2+ channels, and, ultimately, increase in the exocytosis of insulin [2] .
A K + channel with properties similar to those of the K ATP channel from the plasma membrane of pancreatic ␤-cells was described in the inner membrane of rat liver and beef heart mitochondria, and designated as the mitochondrial ATP-sensitive K + channel (mitoK ATP channel) [4, 5] . Equilibrium binding studies using [ 3 H]-labelled glibenclamide revealed a single class of low-affinity binding sites for glibenclamide in intact rat liver mitochondria (mitochondrial sulfonylurea receptor, mitoSUR) with a K d of 4 M [6] . In beef heart mitochondria, the K d for glibenclamide binding is much lower: 300 nM [6] . The use of [ 125 H]glibenclamide led to the identification of the mitSUR as a 28-kDa polypeptide [7] , which may represent part of a more complex mitoK ATP channel. Glibenclamide binding to mitochondria is modulated by SH reagents such as Nethylmaleimide and mersalyl [8] .
The effects of antidiabetic sulfonylureas on mitoK ATP channel have been observed both in intact mitochondria [4, 9] and in proteoliposomes reconstituted with partly purified mitoK ATP channel [5, 10] . This channel is blocked by glibenclamide [4, 5] after being opened by Mg 2+ , ATP, and physiological activators such as GTP, or the K + channel opener diazoxide [10] . In such an induced open state of the mitoK ATP channel, glibenclamide inhibited the channel activity with a K 1/2 value of 1 to 6 M [10] . In intact mitochondria, the electrogenic transport of potassium (K + uniport) induced by Mg 2+ depletion is also blocked by glibenclamide in a concentration-dependent manner, with an IC 50 of 20 M [11] . However, a more recent study showed that 50 M glybenclamide induced, by itself, K + influx inside mitochondria [12] .
Additionally, glibenclamide interferes with mitochondrial bioenergetics, as shown by inhibition of uncoupled respiration in both liver (IC 50 = 70 ± 2 M) and heart mitochondria (IC 50 = 5.3 ± 0.5 M) [10] , dissipation of mitochondrial membrane potential and proton gradient (IC 50 = 70 ± 7 M) [13] , and lowering of mitochondrial ATP content in rat liver mitochondria [14] . However, the mechanism by which glibenclamide interferes with mitochondrial bioenergetics is not completely understood. Some investigators reported that it may be related with the ability of glibenclamide to increase the proton conductance of the inner mitochondrial membrane [13] , while others report that it may be related with K + influx inside mitochondria [12] . The mitochondrial inner membrane possesses an anion channel (IMAC) mediating the electrophoretic transport of a wide variety of anions, and it is believed to be an important component of the mitochondrial volume homeostasis mechanism [15, 16] .
In order to clarify the mechanism by which glibenclamide interferes with mitochondrial bioenergetics, the influence of glibenclamide on mitochondrial ion fluxes (H + , K + , and Cl − ) was assessed by passive osmotic swelling of rat liver mitochondria in K-acetate, KNO 3 , and KCl media, by mitochondrial transmembrane potential ( ψ), and by O 2 consumption in state 4 respiration.
MATERIALS AND METHODS

Animals
Male Wistar rats (250-350 g), housed at 22 ± 2
• C under artificial light for a 12-h light/dark cycle and with access to water and food ad libitum, were used throughout the experiments. The experiments were carried out in accordance with the National Requirements for Vertebrate Animal Research and European Convention for the Protection of Animals used for Experimental and other Scientific Purposes.
Isolation of Rat Liver Mitochondria
Rat liver mitochondria were isolated from male Wistar rats (6 weeks) by differential centrifugation according to conventional methods [17] . The pellet was gently resuspended in washing medium, at a protein concentration of about 50 mg/mL. Protein content was determined by the biuret method [18] , using bovine serum albumin as standard.
Mitochondrial Swelling
Mitochondrial osmotic volume changes were measured by the apparent absorbance changes at 520 nm with a suitable spectrophotometer-recorder setup. Mitochondria (1 mg) were suspended in 2.5 mL of the required medium (K + -acetate, KNO 3 , or KCl) supplemented with 2 M rotenone, at 30
• C. Each medium contained 55 mM potassium salts, 5 mM HEPES (pH 7.1), and 0.1 mM EDTA.
Measurement of Respiratory Activities
Oxygen consumption was monitored polarographically at 30
• C with a Clark oxygen electrode, in a closed chamber with magnetic stirring. The reaction medium consisted of 250 mM sucrose, 10 mM HEPES (pH 7.2), 20 mM KCl, 5 mM potassium phosphate, and 2 mM MgCl 2 . Mitochondria (1 mg protein) were incubated in 1 mL of medium containing 250 mM sucrose, 10 mM HEPES (pH 7.2), 20 mM KCl, 5 mM potassium phosphate, and 2 mM MgCl 2 , supplemented with 2 M rotenone and energized with 10 mM succinate. State 4 respiration was achieved after phosphorylation of 50 nmol adenosine diphosphate (ADP). State 4 respiration rate was calculated considering that the saturation oxygen concentration was 232 nmol O 2 /mL in the medium at 30
• C, and the values are expressed in nmol O 2 (mg protein)
Measurement of Mitochondrial Transmembrane Potential ( ψ)
The mitochondrial transmembrane potential ( ψ) was measured indirectly based on the activity of the lipophilic cation tetraphenylphosphonium (TPP + ) using a TPP + -selective electrode in combination with an Ag/AgCl-saturated reference electrode, as previously described [19] . Mitochondria (1 mg protein) were incubated in 1 mL of medium containing 250 mM sucrose, 10 mM HEPES (pH 7.2), 20 mM KCl, 5 mM potassium phosphate, and 2 mM MgCl 2 , supplemented with 2 M rotenone and 3 M TPP + and energized with 10 mM succinate. No correction was made for the "passive" binding of TPP + to the mitochondria membranes because the purpose of the experiments was to show relative changes in potential rather than absolute values. As a consequence, we can anticipate some overestimation for the ψ values. Glibenclamide, and the other compounds added (propranolol, cerebrocrast, nigericin, and dinithrophenol), did not affect TPP + binding to mitochondria membranes or the electrode response. 
Chemicals
RESULTS
Effects of Glibenclamide on Nonrespiring Mitochondria
The effect of glibenclamide on inner mitochondrial membrane permeabilization to H + was evaluated by swelling of nonrespiring mitochondria suspended in potassium acetate medium (Figure 1 ). Protonated acetate can cross the inner mitochondrial membrane and dissociate to acetate anion and H + into the mitochondrial matrix producing a proton gradient which inhibits swelling. When valinomycin is present, swelling occurs if the proton gradient is dissipated by the addition of a protonophore. Glibenclamide, at concentrations up to 100 M, leads to a very small increase on valinomycindependent mitochondrial swelling, indicating that the proton conductance of the inner mitochondrial membrane is almost not affected.
The effect of glibenclamide on the inner mitochondrial membrane permeabilization to K + was evaluated by swelling of nonrespiring mitochondria suspended in KNO 3 medium (Figures 2A and B) . Inner mitochondrial membrane freely permeabilizes nitrate (NO 3 − ), but swelling is observed only in conditions of K + influx. In the absence of valinomycin, mitochondria swell slowly because of the low permeability of the inner mitochondrial membrane to K + . Maximum swelling was observed by adding valinomycin to provide a uniport to K + . Addition of glibenclamide (100 M), instead of valinomycin, leads to a small increase on swelling, indicating that the K + conductance of the inner mitochondrial membrane is not greatly affected (Figure 2A) . However, if Cl − instead of NO 3 − is present as the representative anion, the K + conductance of the inner mitochondrial membrane greatly increases, suggesting that K + entry is dependent on the presence of Cl − ( Figure 2B ). The effect of glibenclamide on the inner mitochondrial membrane permeabilization to Cl − was evaluated by valinomycin-dependent swelling of nonrespiring mitochondria suspended in KCl medium (Figure 3 ). After addition of valinomycin to provide a uniport for K + , mitochondria swell slowly because of the low permeability of the inner mitochondrial membrane to Cl − [20, 21] , as compared with maximum swelling induced by addition of succinate. Succinate, by promoting mito- chondrial respiration, induces mitochondrial matrix alkalinization and IMAC opening, thus permitting maximal permeabilization to Cl − . Addition of glibenclamide (25, 50, and 100 M), instead of succinate, induced a significant increase on mitochondrial swelling in a concentration-dependent manner. These findings indicate that glibenclamide promotes the Cl − influx into the mitochondrial matrix, probably by opening IMAC.
Transport of Cl − into mitochondria can be electroneutral (Cl − /OH − exchange) or electrogenic (Cl − uniport) via the inner mitochondrial anion channel (IMAC) [20] . To discern between these two possibilities, the effect of glibenclamide on the swelling of nonrespiring mitochondria suspended in KCl medium was compared with that of tributyltin (TBT), a well-known Cl − /OH − exchanger [21] [22] [23] (Figure 4 ). Nigericin was used to provide K + /H + antiport, favoring TBT action, while propranolol and cerebrocrast were used as inhibitors of the Cl − entry into mitochondrial matrix via IMAC [15, 24] . In the absence of valinomycin, glibenclamide (100 M) and TBT (100 nM) increased the swelling of nonrespiring mitochondria in KCl medium ( Figure 4A ). Under these conditions, nigericin (1 M) stimulated the swelling induced by TBT, but it inhibited the swelling induced by glibenclamide ( Figure 4A ). In the presence of valinomycin, glibenclamide (100 M) and TBT (100 nM) also increased the swelling of nonrespiring mitochondria in KCl medium ( Figure 4B ). Under these conditions, the swelling induced by TBT was not affected by propranolol (200 M) and slightly inhibited by cerebrocrast (25 M), while the swelling induced by glibenclamide was strongly inhibited by both propranol and cerebrocrast ( Figure 4B ). Controls in the presence of propranolol (200 M) and cerebrocrast (25 M) were also performed. Their traces overlap the control trace, and they are not represented in Figure 4B . In contrast to TBT, which promotes Cl − entry by Cl − /OH − exchange across the inner mitochondrial membrane, these findings indicated that the Cl − transport promoted by glibenclamide is mainly via IMAC.
Effects of Glibenclamide on Succinate-Respiring Mitochondria
As mitochondria are respiring in normal physiological conditions, the effects of glibenclamide described above for nonrespiring mitochondria were also evaluted by valinomycin-induced volume changes of succinate-respiring mitochondria in KCl medium (Figure 5) , and detection in association with O 2 consumption ( Figure 6 ). Figure 5 (A and B) shows that addition of valinomycin to succinate-respiring mitochondria causes a rapid swelling followed by contraction. The swelling phase reflects passive electrophoretic uniport of K + , and Cl − entry inside mitochondria, while the contraction phase reflects the efflux of internal K + in exchange for external protons (K + /H + exchange) driven by the pH gradient generated by the respiratory chain H + pumping [15] . Addition of glibenclamide, at concentrations up to 100 M, did not affect the initial rate of swelling, but increased its amplitude ( Figure 5A ). Addition of dinitrophenol (DNP), instead of glibenclamide, decreased the initial rate of swelling, without significant effect on its amplitude ( Figure 5B ). DNP also inhibited the rate and amplitude of mitochondrial contraction. The data indicated that, in contrast with DNP, glibenclamide did not affect Cl − influx promoted by respiration of rat liver mitochondria. However, 100 M inhibited the K + /H + exchange, like DNP. The effects of DNP are related with its ability to dissipate the pH component of the electrochemical proton gradient, as a consequence of its protonophoric action. Hence, glibenclamide, at concentrations up to 100 M, has no significant protonophoric action on respiring mitochondria.
The effects of glibenclamide on mitochondrial and respiration, developed by mitochondria upon succinate oxidation, are shown in Figure 6 . After succinate addition, mitochondria develop a of about (Figures 2 and 3) , rather than to H + (Figures 1 and 5 ).
DISCUSSION
The results presented in this study clearly showed that glibenclamide has no significant effect on inner mitochondrial membrane permeabilization to H + (Figure 1 ), permeabilizing it to Cl − , in a concentrationdependent manner (Figure 3 ). Permeabilization to K + was dependent on Cl − influx induced by glibenclamide (Figures 2 and 3 ), thus promoting a net Cl − /K + cotransport (Figure 3 ), ψ dissipation, and stimulation of state 4 respiration rate in rat liver mitochondria ( Figure 6 ).
Glibenclamide-induced membrane permeabilization to Cl − was inhibited by specific inhibitors of IMAC, namely propranolol and cerebrocrast [15, 24] ( Figure 4B ). It was also inhibited in the presence of nigericin, an exogenous K + /H + antiporter, which favors the Cl − /OH − exchange by tributyltin ( Figure 4A ). The data suggested that Cl − influx induced by glibenclamide in rat liver mitochondria is mainly via IMAC rather than Cl − /OH − exchange. Permeabilization of anions by IMAC only occurs under low Mg 2+ concentrations and/or alkaline matrix conditions [15] . The possibility of glibenclamide to induce IMAC opening by depletion of matrix Mg 2+ by exchange with H + , like A23187 [15] , is excluded, because glibenclamide, in contrast with A23187, did not increase the transmembrane potential ( ) of succinate-respiring mitochondria in a free-Mg 2+ reaction medium (results not shown). IMAC opening by glibenclamide may be related with its ability to induce mitochondrial matrix alkalinization [12] . This is the first study presenting evidence that glibenclamide permeabilizes the inner mitochondrial membrane to Cl − by opening IMAC. However, activation of Cl − channels by glibenclamide in the membrane of insulin secretory granules of pancreatic ␤ cells has been reported [24] [25] [26] [27] [28] .
Comparison of the effects of glibenclamide on the swelling of nonrespiring mitochondria in KCl and KNO 3 media showed that glibenclamide stimulates swelling in KCl to a greater extent than in KNO 3 medium (Figures 2 and 3) , indicating that membrane permeabilizion to K + by glibenclamide is dependent on the presence of Cl − , thus promoting a net Cl − /K + cotransport inside rat liver mitochondria. Valinomycin-induced swelling of succinaterespiring mitochondria in KCl shows that, in contrast with DNP, glibenclamide did not affect the initial rate of swelling, but increased its amplitude (Figure 5 ), thus confirming that glibenclamide has no significant protonophoric action (Figure 1) . Therefore, the dissipation and stimulation of state 4 respiration rate induced by glibenclamide ( Figure 6 ) [13, 14] may be related with its ability to permeabilize the inner mitochondrial membrane to K + and to promote a net Cl − /K + cotransport inside mitochondria rather than with a protonophoric action.
In summary, glibenclamide interferes with mitochondrial bioenergetics of rat liver by permeabilizing the inner mitochondrial membrane to Cl − and promoting a net Cl − /K + cotransport inside mitochondria, without significant changes on membrane permeabilization to H + .
